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Abstract: Co-seismic changes in groundwater regime are often observed after moderate to strong
earthquakes. The 24 August 2016 Mw 6.0 extensional Amatrice earthquake, which was the first event
of a long-lasting seismic sequence, including the 30 October 2016 Mw 6.5 Norcia event, triggered a
significant discharge alteration to the Pescara di Arquata spring, located in the Umbria-Marche
Apennines (Northern Apennines, Central Italy) and exploited for drinking purposes. During the
first five months after the first mainshock, an extra flow of about 30% was recorded, while both
water chemistry and temperature did not show significant changes. Thereafter, the spring discharge
decreased significantly, and at the end of 2019 it was still lower than normal. The Standardized
Precipitation Index (SPI) indicates that these low mean monthly discharge values are not related to
particularly dry conditions. The increase in post-seismic depletion coefficients indicates that the
aquifer empties faster than it did during the inter-seismic period. The observed transient increase
and subsequent decrease of discharge are consistent with a transient, earthquake-related increase in
hydraulic conductivity.

Keywords: springs; seismic-induced groundwater change; extensional earthquakes; Central Italy;
hydraulic conductivity; depletion coefficient; recession curve

1. Introduction

Earthquakes are historically known to cause hydrogeological modifications, including changes
in chemical composition [1,2], streamflow [3-9], and spring characteristics [10,11]. In particular, long-
lasting spring and stream excess flows are known to accompany major normal faults and strike-slip
faults earthquakes [9-11], although discharge increases have been also detected for thrust faults
induced earthquakes (see, for example [5,12]). According to Sibson [13], for normal faults, fluid
movement is favored along the fault strike (along the 02) during the inter-seismic period when the
fault surface mainly behaves as a barrier. During the seismic shock, if the earthquake is strong enough
to break through the entire seismogenic layer (or even to cause surface ruptures), the fault rock
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becomes a highly permeable layer, which drains fluids from the uplifting foot-wall to the subsiding
hanging-wall.

As reported by Mohr et al. [12], discharge increases after earthquakes, observed mainly on
stream gauges, can be explained by three mechanisms: (i) changes in static strain determining aquifer
geometry modifications, pore pressure changes and consequent variations of hydraulic gradient i [3];
(ii) dynamic strain effects such as consolidation and shaking of water out of the unsaturated zone [5-
8,14]; (iii) increased permeability due to dynamic strain [4,9,11,12,15-18].

Increase of spring and streamflow discharge due to extensional tectonics are common effects in
the Italian Apennines. Esposito et al. [19] described, among others, the consequences of the 1980
Irpinia earthquake, which caused hydrogeological effects as far as 200 km; in particular, a significant
increase of the Caposele spring flow was observed, which returned to normal conditions after about
one year.

Amoruso et al. [16] described the hydrogeological changes that occurred after the 2009 L’ Aquila
earthquake. These effects included the sudden disappearance of some springs located along the
normal fault responsible for the earthquake, an immediate discharge increase of both the drainages
along the Gran Sasso highway tunnel and other springs, and, in the following months, an increase of
the water table elevation of the Gran Sasso fractured aquifer. According to the authors, these changes
were related to the increase of permeability at the aquifer scale, which caused hydraulic heads raising
in the discharge zones and their lowering in recharge areas.

Relating to the same earthquake, Adinolfi Falcone et al. [20] indicated that, in agreement with
the observed gradual return to the pre-seismic situation, the observed changes have non-permanent
effects because they can be due to a fracture cleaning, rather than to the formation of new micro
cracks.

Petitta et al. [9] described the hydrogeological effects of the 2016-2017 seismic sequence in
Central Italy, providing preliminary considerations on the causes of the observed phenomena. The
authors considered data from 22 sites, located in a wide area, within 100 km from the epicenter. They
found that post-seismic discharge from rivers and springs had increased, overall, more than 9 m%s,
with a consequent groundwater release of more than 1 x 10® m3 over 6 months. These effects can be
due to both an increase of bulk hydraulic conductivity (K) at the aquifer scale and, partly, to other
mechanisms, such as shaking and/or squeezing effects related to intense subsidence in the core of the
affected area or breaching of hydraulic barriers.

Valigi et al. [11] analysed the effects of the 2016 seismic sequence in the Norcia Plane, close to
the epicenter of the 30 October event. They found that at least 2.4 m3/s of groundwater was added to
the original baseflow amount of the Sordo River with the additional discharge mainly fed by the basal
carbonate aquifer stored in the Sibillini Massif, east of the Norcia Plain.

Mastrorillo et al. [21] analysed the consequences of the 2016 Central Italy seismic sequence on
the fractured carbonate Basal aquifer of Valnerina-Sibillini Mts, here interpreted by means of basin-
in-series conceptual model in which the thrusts and extensional faults have clearly influenced the
groundwater flow directions before and after the seismic sequence. A significant discharge surplus
was observed, not explained only by the increase in hydraulic conductivity, evaluated to be less than
20%, but also by a shift in the piezometric divide of the hydrogeological system, which could have
caused a potentially permanent change in the Basal aquifer, lowering the discharge amount of the
eastern springs.

Di Matteo et al. [22] showed that the 2016 seismic sequence changed the recession processes of
the Nera River. Post-seismic recession curves, related to a non-Darcian flow, show that after the
earthquake, the system empties faster than it did before, when the recession curves were consistent
with a Darcian flow. If this effect persists, the Nera River flow will be more variable than it was in
the past, causing significant problems to water-using productive activities.

Some studies relied upon the hydrograph analysis of streams baseflow, the streamflow
component provided by groundwater, to investigate the mechanisms responsible for discharge
variation due to earthquakes. In particular, some authors used the baseflow recession curve [5,6,15],
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which is known to be related to aquifer geometry and parameters [5,22,23], to verify whether the
increase of discharge was directly related to an increase in hydraulic conductivity.

Following a moderate to strong earthquake crisis, the comparison between the previously
known recession curve trend and an extra discharge released by the aquifer, unrelated to
precipitation and recharge, allows to estimate the extra water volume due to seismic events [24].

The present work analyses the effects of the normal faulting Central Italy 2016-2017 seismic
sequence (Mwmax = 6.5) on the Pescara di Arquata spring, located on the eastern side of Sibillini
Mountains at 926 m above sea level (Figure 1).
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Figure 1. Area affected by the seismic crisis in 2016. Green stars represent the Mw > 6.0 mainshocks,
and dark grey dots are all the earthquakes recorded during the seismic sequence.

The aquifer feeding this spring is contained in a fractured carbonate synclinal core not connected
to the basal aquifer. Basal groundwater systems of the same area located west of the Sibillini
Mountains experienced a significant and sometimes long-lasting discharge increase [9,11,21,25],
while those located east of the Sibillini Mountains experienced a discharge decrease [21]. On the
contrary, Pescara di Arquata spring first experienced an increase of discharge, lasting five months
after the earthquake. Later on, the spring discharge started to decrease significantly. At the end of
2019, the spring discharge was still lower than normal.

2. Geological and Hydrogeological Setting

2.1. Geology

The Pescara di Arquata spring is located 926 m above sea level on the south-eastern side of the
Sibillini Mountains, which are part of the carbonate reliefs of the Umbria-Marche Apennines (Central
Italy; Figure 1). These are made up of a thick carbonate shelf unit (Early Jurassic), overlain by pelagic
sediments (Early Jurassic-Oligocene) and overlying Triassic evaporites, which do not crop in the
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area. The structural setting of these reliefs is the result of a compressive tectonic stage (Late Miocene—
Early Pliocene), which generated the thrust and folds chain, followed by extensional tectonic (early
Pleistocene—present). The main compressional tectonic element is represented by the Sibillini
Mountains thrust, located slightly east of the spring (Figure 2), which causes the Early Jurassic—
Cretaceous carbonatic multilayer to overthrust the Laga Flysch (Messinian) [26-28].

[ Continental deposits (Quaternary)
NE [ Laga unit (Messinian)

| [ Scaglia calcarea
(upper Cretaceous-Eocene)

— [ Marne a Fucoidi (mid Cretaceous)
— [ Maiolica (lower Cretaceous)

Forca di Presta syncline

— [ Jurassic pelagic sediments
(mid-upper Jurassic)

[ cCalcare Massiccio (lower Jurassic)
Il Evaporites (Triassic)

Surface ruptures of the 2016 sequence :::\ Pescara di Arquata spring recharge area
(after [33]) “

ha Thrusts ™ Normal faults " Forca di Presta syncline

Figure 2. Hydrogeological map of the study area. Purple line delimits the Pescara di Arquata spring
recharge area.

The main fold structures of the area include anticlines and synclines, one of which is the Forca
di Presta syncline (Figure 2). All the compressional structures are dissected by a series of NW-SE
trending normal faults related to the extensional tectonic stage, active since the early Pleistocene.
These faults produced a general vertical downthrown towards the SW of more than 2 km, and they
are responsible for most of the seismicity of the area [28-31]. The extensional belt in the area is
composed, from NW to SE, by the SW-dipping Monte Vettore-Monte Bove fault system (VBES) and
the Mt. Gorzano fault. These faults were activated during the 20162017 earthquake sequence, which
lasted 6 months and was characterized by the occurrence of more than 9 events with Mw > 5.0. The
mainshocks of the sequence were recorded near Accumoli on 24 August and near Norcia on 30
October 2016. In the study area, along the Vettoretto-Redentore fault segment (VRS), several co-
seismic surface ruptures were recorded after both the August and October mainshocks [28,32-35].

2.2. Hydrogeology

The hydrogeological setting of the area is strongly connected with the stratigraphic and
structural features of the Umbria-Marche domain. In the surrounding reliefs, the most massive, thick
and calcareous formations of the Umbria-Marche sedimentary sequence host two different aquifers:
(i) the main one is located in the Calcare Massiccio (a highly porous, karsified and fractured Early
Jurassic shelf limestone) and Corniola formations, and (ii) the second one is hosted in the Maiolica
formation, a highly fractured stratified pelagic limestone (lower Cretaceous) with a thickness up to
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400 m. These two aquifers can be considered hydraulically independent at a local scale, as they are
stratigraphically separated from each other by a Jurassic sequence, mostly composed of siliceous and
marly limestones, acting as an aquitard. However, in the regional hydrogeological framework, a
single aquifer (Basal aquifer) is usually recognized comprehending the above-mentioned aquifers.

Above these two, other upper aquifers are located inside the Scaglia Bianca and Scaglia Rossa
formations (also known, in overall, as Calcareous Scaglia, late Cretaceous-middle Eocene), made of
thin to medium-layered pelagic limestones. The Marne a Fucoidi formation (middle-Cretaceous),
made of marly sediments, represents the aquiclude stratigraphically dividing the Basal aquifer and
the Scaglia aquifers [36-38].

In this stratigraphic context, the groundwater circulation is also deeply influenced by the
structural setting described above. The core of anticlines and synclines generally represent recharge
areas stratigraphically delimited by low permeability formations in correspondence of which springs
often emerge. The compressive structures, such as the thrusts, generally act as a no-flow boundaries,
whereas the role of the extensional faults is more debated; they can act as preferential drainage paths,
putting in contact different aquifers otherwise isolated from each other for stratigraphic reasons, or
they can act as no flow boundaries [39]. The role of the faults in favoring groundwater movement
also changes from the inter-seismic to the co-seismic period [13].

The Pescara di Arquata is one of the main springs emerging on the eastern side of the Sibillini
Mountains and has been exploited for drinking purposes since 1955; its water supplies, among others,
the main city of this area, Ascoli Piceno. The spring emerges from the Scaglia Calcarea aquifer hosted
in the core of the Forca di Presta syncline, close to the Sibillini Mountains thrust, which acts as a no-
flow boundary. The low permeability marly formations of Scaglia Variegata and Scaglia Cinerea
(middle Eocene, Oligocene) are involved in the thrust deformation and locally crop out in the spring
area.

The Pescara di Arquata spring recharge area is estimated to be about 7 km? wide and roughly
corresponds with the core of the Forca di Presta syncline (Figure 2). On the basis of new geological
surveys, this area is slightly modified with respect to that considered by other authors [40,41], but the
extension is unchanged. The main groundwater flow is NNW-SSE oriented, approximately parallel
to the syncline axe. The average annual spring discharge is 263 L/s considering data from 1933 to 2010
[41] while it is about 250 L/s if we consider data from 1960 to 2001 [40,42,43]. On the basis of these
values, it cannot be excluded that the recharge area slightly extends beyond the indicated boundaries.
Former tracer studies performed before the seismic sequence demonstrated a hydraulic connection
between the Pescara di Arquata spring and the Mergani sinkhole [44], draining the surface waters of
the Piangrande di Castelluccio, located west of the spring (Figure 1). Nonetheless, this sinkhole is in
connection with many other water bodies, springs and rivers located within the Valnerina-Sibillini
Mountains water system, towards which it drains a much higher amount of water [38]. The
contribution of this sinkhole to the Pescara di Arquata spring discharge is therefore considered
negligible here, and no part of the Piangrande is included in the Pescara di Arquata recharge area.
New tracer tests and isotopic analyses investigations, presently ongoing, will be aimed at
determining whether the hydraulic connection between the Mergani sinkhole and the Pescara di
Arquata spring has been modified by the seismic sequence.

3. Materials and Methods

3.1. Geochemical Investigations

Geochemical sampling of the Pescara di Arquata spring was performed in order to investigate
possible variations in chemical composition after the seismic events. Sampling started on 30 August
2016, six days after the seismic event of Amatrice (Mw 6.0). Seven samples were collected up to May
2019.

For each sample, temperature, electrical conductivity, pH, Eh and alkalinity were measured in
the field. Alkalinity determination was carried out by acid titration with HCI 0.01 N. Water samples
for laboratory analyses were filtered with 45 pum filters and collected in 50 mL polyethylene bottles.
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The samples for the cation analysis were immediately acidified in the field with 0.5 mL of 1:1 diluted
HCL

The concentration of SOs, NOs, Cl and F were determined by ion chromatography, Ca and Mg
were determined by atomic absorption (AA) flame spectroscopy on the HCl-acidified sample,
whereas Na and K were determined by atomic emission (AE) flame spectroscopy. All the laboratory
analytical methods and the field determinations had an accuracy better than 2%. The total analytical
error, evaluated by checking the charge balance, was better than 5% for all samples and about 2.5%
on average.

3.2. Time Series Analysis

Climatic data recorded from October 1984 to September 2019 in three rainfall and temperature
stations, and discharge data recorded on Pescara di Arquata spring, were used in this study.

Continuous daily discharge measurements for the Pescara di Arquata spring were provided by
the local water supply authority (CIIP S.p.A. Servizio Idrico Integrato) since 2003; data are available
on a monthly scale from 1984 to 2002.

Rainfall data from Capodacqua and Arquata del Tronto climatic stations and temperature data
from Montemonaco were used to define climatic characteristics (Table 1). All stations are located on
the eastern side of the Sibillini Mountains (Figure 1) and are managed by Regione Marche Civil
Protection (Centro Funzionale Multirischi).

Table 1. Average annual temperature and rainfall stations analyzed.

. Time Coctrdlflates WGS 84 Elevation  Average Annual Average Annual
Station Interval Projection UTM 33N (mas.l) Temperature (°C) Rainfall (mm)
East North
Arquata del Tronto 1984-2019 360659 4736980 720 - 1222
Capodacqua  1984-2019 355607 4733240 842 - 1164
Montemonaco  1984-2019 363392 4751030 995 11.9 -

3.3. Analysis of Spring Hydrograph

Discharge data form the Pescara di Arquata spring are available on a monthly scale from 1984
to 2002, and on a daily scale from 2003 to September 2019. In the latest interval, the average annual
discharge was 229 L/s.

Data allowed to determine the average monthly and annual discharge, the variability index
according to Meinzer [45] and the lowest discharge values within this time span.

Daily discharge data were used to study the spring depletion curves. The recession periods were
studied by using Maillet equation, Tison equation and the linear model. The analysis showed that the
Maillet equation [46] is the one better fitting the data.

According to Maillet, depletion curves can be described by Equation (1):

Qt = QOe_atl (1)

where Qo is the discharge at the beginning of the depletion period (to), Q: is the discharge at time ¢
(calculated from to) and the parameter « is a depletion coefficient.

Maillet depletion coefficients were determined on every depletion period individuated along
the analyzed time interval.

Monthly data were used to study the relationship between discharge and SPI at different time
scales.

The same data were used to determine the average discharge over the hydrologic year, here
meant as the 12-month-long period from October to next September. The annual discharge was
therefore compared with the hydrologic year water surplus.

Finally, the hydrograph was used to evaluate the excess of outflow recorded after the Mw 6.0
seismic shock (24 August 2016). This was done by subtracting from the total discharge recorded from
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October 2016 to February 2017 the discharge estimated by assuming that, if the earthquakes had not
occurred, the former recession curve would have continued undisturbed until December 2016.

3.4. Water Surplus Estimation

Monthly rainfall and temperature data were used to estimate the monthly water surplus over
the investigated period by using the Thornthwaite-Mather method [47], which is one of the most
reliable procedures to estimate monthly, and consequently annual, water budget [48]. The surplus
was calculated on an annual basis on the hydrogeological year (from October to next September). The
Thornthwaite equation is used to estimate potential evapotranspiration (PE) and actual
evapotranspiration (AE). The difference between monthly rainfall (R) and AE corresponds to
monthly water surplus (WS).

3.5. Standardized Precipitation Index (SPI)

The Standardized Precipitation Index (SPI, [49]) was used to investigate how climatic conditions
were related to discharge variations. SPI values, at a time scale from 1 to 24 months, were calculated
for the Capodacqua and Arquata del Tronto rainfall stations, which are the rainfall stations closest to
Pescara di Arquata spring, for which the longest and most reliable mean daily discharge data series
are available (January 1985-September 2019).

The aim of this analysis was to determine the occurrence of particularly dry or wet conditions
and their relations with the monthly discharge of Pescara di Arquata Spring.

The SPI is the number of standard deviations that the observed value would deviate from the
long-term mean, for a normally distributed random variable. In the SPI computation, cumulated
rainfalls over different time scales (1, 2, 3 ... n months) were fitted to a gamma probability distribution
and then transformed into a normal distribution. For a given data time series of precipitation xi as xi,
x2 ... Xn, the SPI is defined by Equation (2):

Xi__

SPI =

)

X

where Xis the arithmetic mean of rainfall and o« is the standard deviation. For a defined timescale,
SPI equal to 0 implies that there is no deviation from the mean. Positive values of SPI indicate wet
periods, while negative values indicate dry periods compared with the normal conditions of the area
analyzed. The severity of drought events increases when SPI values are highly negative.

Table 2 shows the classification of drought severity based on the SPI values.

Table 2. Classification of drought conditions based on the SPI values [49].

Condition Range
Extremely wet SPI >2.0
Very wet 1.5<SPI<2.0

Moderately wet  1.0<SPI<1.5
Near normal -1.0<SPI<1.0
Moderately dry -1.5<SPI<-1.0
Severely dry ~ -2.0<SPI<-1.5

Extremely dry SPI<-2.0

4. Results

4.1. Chemical Composition of Water

Physical parameters and chemical concentrations of major elements of the Pescara di Arquata
spring water collected from 30 August 2016 are reported in Table 3, together with bibliographic data
referred to the period from 1998 to 2009 [40,50] and with data of other springs located on the eastern
side of the Sibillini Massif, both south and north of Pescara di Arquata spring. The Pescara di Arquata
spring water is characterized by Ca-HCOs composition (Figure 3) and, during the observation period,
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by temperatures from 7.9 to 9.1 °C, pH values from 7.59 to 7.99 and electrical conductivity from 247
to 265 uS/cm (Table 3). Comparing the new data with those available from previous works, both the
physical-chemical parameters and water composition did not show remarkable variations after the
earthquake. Considering as a reference the composition of 2009 that, unlike the former ones, was
obtained with the same methodologies, only a slight increase of HCOs after the seismic events,
followed by a decrease, can be noted.

Table 3. Chemical data of Pescara di Arquata spring before and after the seismic sequence and
compared with that of springs located nearby.

T Eh Cond. Ca Mg Na K HCO:s Cl SO4 NOs F

Name Date °C pH mV_  uS/em  mg/L mg/L mg/L mg/l mg/L mg/L mg/L mglL mgL
Pescara Novemﬁﬂg%g na76 na 254 5236 111 297 064 13747 463 387 180 na
Pescara ?‘;;‘;Tber na78 na 251 4858 095 139 049 11439 416 38 135 na
Pescara 12 ngf)%’?ber na76 na 246 5128 107 156 053 13668 339 235 153 na
Pescara 12 l\iggi‘?ber na77 na 238 5093 096 251 034 13934 322 318 093 na
Pescara  3July2009* 8 745 226 265 4500 142 125 038 16550 344 153 092 0.2
Pescara 30 August 2016 8.1 748 na 247 5110 112 197 082 16607 360 159 182 0.5
Pescara 7 October 2016 7.9 737 165 264 4980 089 161 034 16806 413 192 174 004
Pescara 1 N;’()Vf:‘ber 8.1 7;’ 204 260 5460 112 195 035 17172 331 158 169 008
Pescara  12May2017 9.1 758 262 260 4988 1.03 191 029 161.04 363 190 147 0.1

15 September 7.7

Pescara o 8370 26 263 4820 117 214 012 15342 482 145 202 017

Pescara 2 October 2018 8.2 7(')9 210 256 4720 1.32 1.88 0.12 171.11 3.57 1.53 1.59 0.06
7.

Pescara  23May2019 8.4 99 119 265 4840 142 197 047 14000 366 169 145 0.03
d 7.

Capsa 49 3uly2009* 85 66 238 261 4800 366 160 043 17315 460 327 079 006

Sasso 3July2009* 660 217 242 3160 1063 108 026 16122 317 314 084 0.04
spaccato 1
7.7

Foce  3July2009* 67 185 230 3420 1019 070 035 14439 257 2199 104 013

§ data from [40]; * data from [50]; na = not available; T = temperature; Cond.= electrical conductivity.

R(CI+S0,)
50 40 30 20 10 0
50 T T T T 0
Pescara di Arquata
@ cata from 1998 to 2009
@ data from 2016 to 2019
40 O ccs +410
[ Capodacqua
[ sasso spaccato
301 420 xm
: Y
© +
< =
r 20F 430 g
10+ - 40
0 1 I | i @ 50
0 10 20 30 40 50
R(HCO,)

Figure 3. Langelier-Ludwig diagram showing the chemical composition of Pescara di Arquata spring
water from 1998 up to 2019 and that of springs located nearby. The blue circles refer to the 1998-2001
period, whereas the orange circles refer to the period from 2016 to 2019.
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4.2. Analysis of Spring Hydrograph

In the investigated period, the minimum discharge of the Pescara di Arquata spring has been
about 22 L/s and the maximum one about 575 L/s. According to the Meinzer classification [45] the
spring can be classified as variable.

The analysis of the hydrograph highlighted two different effects related to the seismic sequence.

As a first effect, the hydrograph showed a significant discharge increase recorded after the Mw
6.0 seismic shock of August 2016. The discharge increased from about 300 L/s to more than 390 L/s,
despite the recharge was almost absent (Figure 4), so that this increase can be attributed to the effects
of the earthquake. The mentioned main shock occurred during the recession period, which for this
spring was well described by the Maillet equation, with a depletion coefficient & of 4.09 x 10~ day".
In accordance with the methods proposed by other authors [51], we extrapolated this recession rate
until next December, usually corresponding to the yearly end of the recession, and reconstructed the
hypothetical hydrograph without the earthquake effects. On this basis, we estimated the amount of
excess water which was released by the spring for more than five months, from the end of August
2016 to February 2017. During this time interval, other strong seismic shocks occurred in the same

area. Among these, the strongest of the whole seismic sequence was recorded on 30 October 2016 (Mw
6.5).
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Figure 4. Estimation of excess outflow from October 2016 to February 2017. The red bars represent
the estimated monthly water surplus (WS). The blue line represents the mean monthly discharge (Q).
The dashed blue line represents the hypothetical spring hydrograph if the depletion period was
undisturbed by the earthquakes. The red stars indicate the 24 August 2016 Mw 6.0 Amatrice
earthquake and the 30 October 2016 Mw 6.5 Norcia earthquake.

The estimated excess outflow was about 2.33 x 10¢ m?, corresponding to about 30% of the average
annual amount of groundwater flowing from January 2003 to August 2016, before the first event of
the seismic sequence. The calculated excess flow cannot relate to the water surplus, which was more
than zero only after October 2016, when the discharge had already reached its maximum.

As a second effect, it can be observed that the recovery after recession did not lead to discharge

values as high as it would be expected on the basis of the water surplus estimated from October 2016
to March 2017.
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4.3. Depletion Coefficients

10 of 18

The analysis of daily discharge measurements allowed us to determine the Maillet depletion
coefficients (a) of the recession periods recorded in the 2003-2018 interval (Table 4).

Table 4. Maillet depletion coefficients & and values of Qo for the analyzed recession periods. Data

under the red line are related to post 30 October 2016 recession periods.

Year Recession Period (S;) a Maillet (day™)
2003 5 July-16 December 270 6.28 X 103
2004 4 August-22 November 402 5.57 X 103
2005 2 August-10 November 401 6.88 X 103
2006-2007 4 August 2006-26 January 2007 406 7.37-X 103
2007 22 June-19 September 59 6.26-X 103
2008 22 August-23 November 249 6.46-% 103
2009 21 June-20 December 607 6.86-% 103
2010 26 September—-3 December 272 5.77-X 103
2011-2012 9 December 2011-10 April 2012 128 5.41-X 103
2012 23 August-30 November 71 4.08-% 103
2013 16 July—26 October 467 7.48-X 107
2014 14 July—25 December 487 7.63-X 1073
2015 17 July—4 October 453 8.72:X 10°°
2016 27 June-10 August 351 4.09-X 103
2016 2 October-29 October 405 6.80-%X 10
2016-2017 19 December 2016-6 February 2017 322 1.10-X 102
2017 24 September—26 October 72 1.46-X 102
2018 10 August-31 December 312 1.47-X 1072

The a coefficient of 2016 was calculated in two intervals, the first (27 June-10 August) prior to,
and the second (2 October-29 October) after the first shock of the seismic sequence (Amatrice
earthquake, 24 August 2016). The a coefficient for the 19 December 2016-6 February 2017 period
refers to the first recession interval recorded after the 30 October 2016 Norcia mainshock. It can be

observed that the average value of the Maillet depletion coefficient & before the Norcia 2016 seismic
sequence was 6.35-x 10-% day! (standard deviation = 1.31-x 10-% day~!) and, unlike in other Apennine
springs [52,53], the a values were similar even for highly different initial discharge (Qo). On the
contrary, since the first depletion period recorded after the 30 October 2016 Norcia earthquake, the «
coefficient significantly increased, with an average value of 1.34-x 102 day (standard deviation =

2.11-x 10-® day™), as it can be observed in Figure 5.
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Figure 5. The depletion coefficients, a, for the years 2003—2018. Blue lines and dots indicate pre-

earthquake recession periods, red lines and dots are related to post-earthquake periods. Vertical red
bars indicate the 24 August and the 30 October 2016 seismic shocks.

Such increase in a values could be related either to a change in aquifer parameters (hydraulic

conductivity) or to a modification of aquifer geometry.

4.4. Water Surplus Estimation

Figure 6 shows that the annual water surplus calculated by means of the Thornthwaite-Mather

method (hydrogeological year from October to September) and the corresponding mean annual
discharge of Pescara di Arquata spring had the same trend until 2016. On the contrary, starting from
2017 the trends changed: in 2017 the spring discharge was higher than the water surplus would
suggest, indicating an outflow excess, while in 2018 it continued to lower despite a significant
increase of water surplus. Between October 2018 and September 2019, the two trends were similar
again, but the spring discharge reached a very low value compared with the relatively high water
surplus values in both years. This is probably due to the negative discharge trend recorded between
October 2017 and September 2018, which led the spring discharge to very low values despite the
positive trend of water surplus recorded in the same period.
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Figure 6. Annual water surplus and mean annual discharge from October 2003 to September 2019.
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4.5. SPI and Spring Discharge

This analysis shows that the best correlation between discharge and SPI values was found when
SPI was calculated at a time scale of 12 months (SPI-12), with a Pearson correlation coefficient
between average monthly discharge and SPI-12 of 0.60.

Figure 7 shows the SPI-12 values for the January 1985-September 2019 interval, for both Arquata
del Tronto and Capodacqua; SPI-12 data are plotted together with monthly discharge data of Pescara
di Arquata spring, these last being calculated from daily discharge measurements.
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Figure 7. SPI-12 values from 1985 to 2019 for Capodacqua and Arquata del Tronto rainfall stations
and mean monthly discharge values of Pescara di Arquata spring.

The SPI-12 shows approximately the same trend in both rainfall stations, with simultaneous
minimum and maximum values.

It can be observed that in six circumstances (1989, 1990, 1995, 2002, 20062007 and 2011-2012),
SPI-12 was lower than —2 (extremely dry conditions) in at least one of the analyzed rainfall stations,
while it was lower, or just slightly higher than —1.5 (severely dry conditions) in both of them. In 1990,
SPI-12 was lower than —1.5 for seven months (from June to November), with peaks lower than -2
from September to November in both stations. Dry conditions lasted particularly long in 2006-2007,
with SPI-12 lower than -2, or just slightly higher, from December 2006 to November 2007 in both
stations. In 2011-2012, highly negative SPI-12 values (SPI-12 <-2) were calculated for the Capodacqua
station from November to the next September.

As far as the wet periods are concerned, the SPI-12 was steadily higher than 1.5 or even higher
than 2 in the least in three intervals. This indicates that conditions from very to extremely wet
occurred in 1999-2000, 2013-2014 and 2018. Two wet periods were particularly long-lasting in 1999—
2000 (from November to May) and in 2013-2014 (from November to September), whereas the wet
period occurred in 2018 was shorter (from August to October).

The average monthly discharge of Pescara di Arquata spring was about 230 L/s, while the
minimum discharge was about 22 L/s and the maximum one about 575 L/s. It can be observed in
Figure 7 that the maximum annual discharge usually occurred around May, whereas the minimum
discharge values were usually recorded in December or January.

The hydrograph shows that only six times along the entire period —namely in 1990, 2002, 2007,
2012, 2017 and 2019—the mean monthly discharge fell below 50 L/s. In all these periods except in
2017 and 2019, the very low discharge values corresponded to SPI-12 lower than, or very close to, —2
for at least 7 months in one or both of the analyzed rainfall stations. On the contrary, in 2017, SPI-12
values between -1 and -1.5 (moderately dry) for just one month (October 2017) corresponded to a
discharge even lower than 30 L/s; in 2019, discharge values of about 40 L/s were associated to SPI1-12
values close to 0 (near-normal conditions).



Water 2020, 12, 767 13 of 18

5. Discussion

The analysis of the Pescara di Arquata spring hydrograph shows that, in the short term, the
Amatrice 2016 mainshock (Mw 6.0) triggered a strong discharge increase, which lasted until February
2017. In this time interval, during which the 30 October Mw 6.5 Norcia earthquake also occurred, the
total discharge increase was on the order of 30% more than the pre-seismic discharge.

Considering the absence of any marked trend in the salinity of the waters, it is very unlikely that
a post-earthquake mixing with waters coming from the Basal aquifer occurred, these being generally
more saline and SO rich in the Northern Apennines [50]. A direct connection between the Scaglia
aquifer feeding the Pescara di Arquata spring and the aquifer feeding the Foce di Montemonaco
spring (“Foce” in Table 4), located about 12 km north of Pescara di Arquata and mainly fed by the
Calcare Massiccio formation, can be excluded. The SO content of Foce di Montemonaco spring is, in
fact, about 22 mg/L, much higher than that of the Pescara di Arquata spring both before and after the
earthquakes (Table 4). At the same time, the hypothesis of the arrival of water from the aquifers
feeding other springs located nearby, like Capodacqua and Fluvione, cannot be investigated on the
basis of the chemical composition. In fact, although the groundwater circuits feeding these springs
involve the Basal aquifer, their water composition is rather similar to that of Pescara di Arquata,
except for a slightly higher content in Mg and SOs. The presently ongoing isotopic analyses will
hopefully help to clarify possible hydrological connections between the aquifers feeding these
springs after the seismic events.

Starting from 2018, both the maximum and minimum monthly discharge values were low with
respect to their respective averages.

The low discharge values recorded in 2018 and 2019 were not associated with particularly low
SPI-12. This index indicates moderately dry conditions for June 2018 (-1.5 < SPI-12 < -1) and very wet
conditions for December 2018 (SPI-12 > 1.5).

The analysis of the recession periods recorded from 2003 to 2018 shows that, after the 2016-2017
seismic sequence, the aquifer feeding the Pescara di Arquata spring emptied faster than it did before,
with an average a coefficient increasing from 6.35-x 10-* d-! before the earthquakes to 1.27-x 10-2 d-!
after them.

Several models were proposed in the literature to explain discharge increase of springs and
streams following moderate to large earthquakes in different tectonic contexts.

The immediate (1-2 days) reaction of the Pescara di Arquata spring to the Mw 6.0 Amatrice
earthquake was an increase in discharge of about 100 L/s. The total discharge increase until February
2017 was about 30% of the pre-earthquake discharge. Discharge increases of the same kind were
explained in literature by different mechanisms. The fractured and locally fissured nature of
carbonate aquifers favored a quick co-seismic response in terms of both pore pressure propagation
and/or dynamic strain modifications, which may induce temporary changes in permeability. In karst
and fractured aquifers, most of the mid- and long-term effects on groundwater flow can be due to
the formation of microcracks [54], unlocking of pre-existing fractures and fracture cleaning and/or
fracture dilatancy and closure [4,15,55,56]. The ultimate effect of all these phenomena is an increase
in bulk hydraulic conductivity at the aquifer scale, followed by changes to the hydraulic head, which
increases close to the discharge zones and correspondingly decreases in the recharge areas [10,57]. In
such cases, numerical modeling of fault activity and consequent changes in hydraulic conductivity
in the near field have shown that (i) discharge is high when the trend of the fault coincides with the
groundwater flow direction, and (ii) springs discharge decreases in the upstream part of the system
and increases in the downstream part [58].

Concerning the Pescara di Arquata spring, we observe that the main groundwater flow feeding
the spring is roughly parallel to the Forca di Presta syncline axe and to the Monte Vettore Monte
Gorzano fault system, activated during the 2016 seismic sequence (Figure 1). Surface faulting on the
Vettoretto-Redentore fault segment (VRS), which is part of the Vettore-Bove fault system, occurred
during both the 24 August and the 30 October mainshocks. The associated co-seismic ruptures
propagated along the southern VRS, as far as Arquata del Tronto, with cumulative local
displacements locally higher than 2 m [28,35]. A permeability enhancement of the aquifer feeding the
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spring is consistent with the observed discharge increase and is supported by the occurrence of co-
seismic fracturing in the spring recharge area, along a fault in the same directions as the main
groundwater flow feeding the spring.

On the basis of available piezometric data, Mastrorillo et al. [21] estimated that the hydraulic
conductivity increase related to the 24 August Amatrice earthquake in the Sibillini Mountains basal
aquifer was approximately 13%. Unfortunately, in this case, as in many other cases when dealing
with mountain aquifers [59], piezometric data are not available, so that the hydraulic conductivity
increase cannot be quantified directly.

An enhancement in hydraulic conductivity is also supported by the increase of the calculated «
depletion coefficients after the seismic sequence since a is known to be directly proportional to
hydraulic conductivity (a « K).

Hydraulic conductivity changes could be permanent or temporary. For the Pescara di Arquata
spring, besides the immediate discharge increase, it was observed that the spring discharges three
years after the earthquakes remained lower than expected on the basis of the estimated recharge
amount. We suggest that these low discharge values can be justified by a transient increase of
hydraulic conductivity, which has led to an exceptional and excessive emptying of the aquifer
groundwater reserve.

The aquifer emptying triggering the extra flow has necessarily led a progressive drop of the
water table; if the hydraulic conductivity (K) increase was permanent, the system would have evolved
towards a new equilibrium until the K x i product was the same as it was before the earthquake. The
discharge would have, therefore, progressively lowered until reaching values consistent with the
water surplus available for recharge, and the relationship between water surplus and discharge
would have been similar to those observed before the earthquake. Nonetheless, this kind of
mechanism cannot explain the very low discharge values observed in 2018 and 2019, not
accompanied by severe drought and consequently low water surplus. In fact, the progressive
discharge lowering should have arrested after the new equilibrium was reached, without getting
down to the very low values recorded in 2018 and 2019.

On the contrary, the observed behavior is consistent with the hypothesis of a transient hydraulic
conductivity increase. In our interpretation the co-seismic permeability increase related to fracturing
and fracture emptying was followed by a progressive fracture healing that, in the long run, will bring
the permeability to standard inter-seismic values. Nonetheless, the aquifer emptying occurred during
the five months following the Amatrice earthquake reduced the hydraulic gradient, which, therefore,
is still presently too low to guarantee “normal” discharge, considering that permeability, after an
initial and sudden increase, is decreasing. It can be supposed that the system will go back to the
previous equilibrium only when the water table, and consequently the hydraulic gradient, will rise
to pre-earthquake values. This will be accompanied by a progressive reduction of a coefficient,
consistent with the gradual hydraulic conductivity reduction. The recharge reaching the aquifer since
the recharge season started at the end of 2017 is only partially contributing to spring discharge since
it is also consumed to reintegrate the water lost due to the aquifer emptying consequent to the
earthquake. This explains the low discharge values observed since 2018.

Former studies about the hydrogeological effects of the 2016 seismic sequence in the same area
showed that the long-term discharge and groundwater level increase observed on groundwater
systems west of the Sibillini Mountains [9,11,21,22] corresponded to long-term discharge decrease on
some spring systems located East of the Sibillini Mountains, fed by the Basal aquifer [21]. These two
opposite effects can be explained by the same mechanism, which includes a hydraulic conductivity
increase due to faulting and a consequent lowering and eastward shift of the groundwater divide,
penalizing the eastern side of the Sibillini Mountains [21].

Nonetheless, although the Pescara di Arquata spring is located East of the Sibillini Mountains,
its long-term discharge decrease cannot be related to the above-mentioned mechanism. This is due
to the peculiar geological setting of the spring, fed by an aquifer virtually isolated, located at high
elevation and unconnected with the Basal aquifer. In the case of the Pescara di Arquata spring, the
discharge evolution after the seismic sequence (initial extra flow and subsequent significant discharge
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decrease) is well explained by the transient increase of hydraulic conductivity. These findings
confirm that, even in the frame of a well-known groundwater scheme of a specific area (Northern
Apennines in this case), it is important to define the local and specific geological setting of any
strategic groundwater system, to better asses what it could be its evolution due to perturbations
related to external factors [60] such as earthquake sequences.

6. Conclusions

The 2016 seismic sequence triggered a significant discharge alteration to the Pescara di Arquata
spring. The modification in discharge was neither accompanied by changes in water chemistry nor
in temperature, suggesting that the aquifer feeding the spring did not change significantly. Within
the spring recharge area, along the Monte Vettoretto fault segment, a series of co-seismic surface
ruptures were observed after the mainshocks, with significant offsets [28,32-35].

An extra flow of about 30% of the average annual discharge was recorded for the first five
months after the first mainshock (24 August 2016). Later on, the spring discharge was lower than
expected based on the estimated water surplus, and the increase of the depletion coefficients indicates
that the aquifer feeding the spring empties faster than it did before the earthquake.

The low discharge values recorded during five months after the first mainshock are not related
to particularly dry conditions, as indicated by the SPI. This suggests a permeability increase as the
main process for the modification observed in the spring.

In systems such as the investigated one, where the activated faults strike almost parallel to the
main groundwater flow feeding the spring, a transient increase in aquifer hydraulic conductivity
explains the observed modification of groundwater regime.

The Pescara di Arquata spring is fed by an aquifer relatively isolated from the groundwater flow
of the main Basal aquifer. In this kind of system, the amount and timing of discharge variations
following moderate to strong earthquakes can be different from those related to deeper and wider
regional aquifers, the discharge of which can be influenced both by permeability modifications and
groundwater divide migration [21]. Understanding the details of the mechanisms leading to these
different behaviors and their mutual interaction is fundamental to comprehend the overall response
of carbonate water systems to earthquakes.
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